Non-adiabatic coupling and adiabatic population transfer in quantum molecular systems by Solà, I R & Malinovsky, V S































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIG. 2: (a). Scheme of three symmetrically displaced har-
monic oscillators truncated to give two coupled 3-level ladder




















der the general assumptions of STIRAP. Since the adi-
abaticity condition in STIRAP is usually expressed by
the pulse area relation, 
  1, where 
 is the eective
Rabi frequency of the pulses and  their time widths, any
reduction in the pulse width must imply a correspond-
ing increase in the pulse amplitude. Nevertheless, in this
note we show that the population transfer in APLIP can
not be reduced to the generalized description of STIRAP
in multi-level system. In order to do so we show that
the natural extension of STIRAP to the three potential
curves scenario in the strong eld limit predicts a dier-
ent dynamical evolution than the one shown in Fig. 1.
Let us consider in detail the Hamiltonianof the system.
The Hamiltonian for three electronic potentials (V
i
(x),




















































where T is the kinetic energy operator and U
i
(x) are



























the dipole moments (atomic units are used through-
out). In this representation the global wave func-
tion of the system is expanded in terms of electronic
wave functions, f
i
(q;x)g, and vibrational wave packets,
f 
i
(x; t)g, where q is an index representing the collective
electron coordinates and x is the vibrational coordinate.
After expanding the vibrational wave packet in the set

















(x) is the j'th vibrational level in the electronic
state  (in the following we use Greek letters to designate
electronic states and Roman letters to designate vibra-






























































































































































are the potential zero energies.
In order to compare the dynamics of the general sys-
tem with that of STIRAP, we establish a correspondence
between the 3  N equations of motion (Eq. (3)) and
the equations for N 3-level ladder systems, where both
diabatic and adiabatic states are known, corresponding
to that of the STIRAP Hamiltonian. In doing this con-
nection we neglect all the contributions from the con-
tinuum wave functions in all the electronic states. To
simplify the notation we use a model of three symmet-
rically displaced harmonic oscillators (Fig. 2) with the
same force constant (SDHO model), so that the sep-













= R. We assume that
the equilibrium congurations of the excited potentials
are displaced to larger inter nuclei distances. Further-
more we consider only processes in two photon reso-
nance. This allows us to dene a constant energy split-












, and a one photon


































































































Finally we invoke the Condon approximation. There-


































i. This is the model used to ob-
tain the results shown in Fig. 1, where we have cho-
sen Æ! = 7  10
 4











= 0:08 a.u. and S(t) being a
Gaussian envelope function. Both pulses have the same
envelope function, with width  = 2:5 ps and they are
time delayed, so that the second pulse precedes in 2:5 ps
the rst pulse. To obtain the numerical results shown in
Fig. 1 we have numerically integrated the TDSE based on
a grid discretization of the Hamiltonian in Eq. (1) and not
on the discrete basis representation of Eq. (4). Details of
the numerical propagator are given in reference [2].
In order to go further in the comparison between the
set of Eqs. (4) and those of STIRAP, we change the repre-









































































































In the new representation, the dynamics of the system










which are delocalized and follow the electronic transitions
between the potentials at dierent moments of time. The
new basis is quasi-adiabatic since the transformation ma-
trix
b
R diagonalizes only each 3  3 sub-system matri-
ces, while there remain couplings between dierent sub-
systems.
To illustrate the nature of these couplings, we detail
the analysis for a system of 6-levels obtained by trun-
cating the expansion of the wave function (Eq. (2)) to
only the rst two vibrational levels. We consider these

















































































































































































































































 0, and using a counter-
intuitive sequence of pulses, the Hamiltonian has two
parallel (independent) dark states as in STIRAP. There-
fore, the dierences between APLIP and STIRAP must

































































































































































































































































































































































































Now let us concentrate in the case when both Rabi
















which initially correlates with j
(1)
0
i. Then the only non































































































Equations (9), and (10) separate the molecular contri-
bution (geometrical factors) from the pulse contribution
(depending on the pulse amplitude). However it can be
seen that the APLIP dynamic behavior cannot stem from
these terms. For instance, in the model of symmetri-
cally displaced harmonic oscillators the symmetry of the

















is not coupled with the rest of the system. So, this state
is indeed the adiabatic state whose evolution reproduces
exactly the STIRAP behavior independently from the
detuning or intensity of the pulses.
Increasing the number of vibrational levels in the ex-
pansion (Eq. (2)) does not introduce any dierent type
of couplings and the same conclusions apply. It is very
simple to generalize the expression for the general 3N -















































































































































. Once again, this




cally zero. The system exhibits N parallel (independent)
trapped states. Therefore, if the initial wave function
is a coherent superposition of vibrational levels of the










a sequence of two coherent counter-intuitive pulses
5will read this wave function in the adiabatic rep-










that will adiabatically passage at nal times to










(where the phase factor only depends on the eigenval-
ues of the dressed states j
(n)
0
i, i.e. the geometrical or

















conclusion applies for the nal probabilities if the ini-
tial state is an incoherent sum of vibrational levels. The
dynamics follows as N independent STIRAP type sys-
tems and does not reproduce the characteristic features
of APLIP.
This result is in agrant contradiction with the nu-
merical evidence (direct solution of the TDSE with the
Hamiltonian of Eq.(1)), in which many of high energy
vibrational levels of the ground and nal potentials are
considerably populated (Fig. 1(b)). Although the ana-
lytic proof derived in this paper is valid for a specic
\ideal" system, the SDHO model, of course any small
asymmetry in the model cannot explain the clear dif-
ference in behavior of STIRAP and APLIP. The dier-
ence, therefore, must stem from a dierent source. The
validity of the quasi-adiabatic Hamiltonian rests upon
the adiabatic approximation, that is, the neglect of the







































belonging to the same sub-system. In STIRAP,
the adiabatic condition, 

0
  1 guarantees that these




and detuning, the APLIP dynamics shows that
the contribution of these terms cannot be neglected. This
is in agreement with the numerical results obtained for
population transfer by shaping LIPs in more general sce-
narios [3, 6].
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